The p53 tumor suppressor plays a key role in the natural protection against cancer. Activation of p53 by DNAdamaging agents can contribute to successful elimination of cancer cells via chemotherapy-induced apoptosis. The phosphatidylinositol-3 kinase (PI3K) pathway, triggered in normal cells upon exposure to growth factors, regulates a cascade of proliferation and survival signals. The PI3K pathway is abnormally active in many cancers, thus making it an attractive target for inactivation in an attempt to achieve better cancer therapy. We report here that exposure to LY294002, a potent PI3K inhibitor, aborts the activation of p53 by several drugs commonly used in cancer chemotherapy. Concomitantly, LY294002 attenuates p53-dependent, chemotherapy-induced apoptosis of cancer cells. These findings invoke an unexpected positive role for PI3K in p53 activation by anticancer agents, and suggest that the efficacy of PI3K inhibitors in cancer therapy may be greatly affected by the tumor p53 status.
Introduction
The p53 protein is a sequence-specific transcription factor that functions as a major tumor suppressor in mammals. This role is highlighted by the abrogation of normal p53 function in the majority of human cancers. [1] [2] [3] Animal knockout models reveal markedly increased cancer incidence in the absence of p53. 4, 5 Most cases of Li-Fraumeni syndrome, a human inherited predisposition for cancer, are due to germline mutations in the p53 locus. 6, 7 p53 can respond to potentially carcinogenic insults by inducing extensive phenotypic alterations, most notably, growth arrest, replicative senescence, or apoptotic elimination of the damaged cell, thus preventing the propagation of cancer-prone cells. In nonstressed cells, p53 levels are typically very low, owing to the rapid degradation of the protein by the ubiquitin-proteasome pathway, a process greatly stimulated by the oncogenic E3 ubiquitin ligase Mdm2. 8, 9 Exposure to DNA-damaging agents can lead to extensive induction and activation of p53, primarily through post-translational modifications of the protein that block its degradation and increase its biochemical potency. The upregulation of p53 following DNA damage is of paramount importance to its role as a tumor suppressor, and is also believed to contribute to efficient cell killing by anticancer agents. 10, 11 Class I phosphatidylinositol 3-kinase (PI3K) and its downstream effectors have emerged in recent years as a prominent proliferation-and survival-related pathway. PI3K is a heterodimer, consisting of a catalytic and a regulatory subunit, which form an inactive complex in the cytoplasm of resting cells. In response to receptor tyrosine kinase activation, PI3K is recruited to the plasma membrane and becomes active. Its primary in vivo product, phosphatidylinositol (3, 4, 5) P3, recruits pleckstrin-homology (PH) domain-containing proteins to the plasma membrane, thus activating them.
The PI3K pathway is often deregulated in human cancer. Activating mutations and gene amplification in both subunits of class IA PI3K have been found in various human malignancies, qualifying PI3K as a potential oncogene. [12] [13] [14] [15] The available knowledge about PI3K suggests that attenuation of survival signals emanating downstream to it can be instrumental in bringing about cancer cell death. 12, 16, 17 This marks PI3K as a potential target for novel cancer treatments, aimed at its inhibition.
We now report that induction of p53 by Cisplatin (CisPt) in cultured cells requires the presence of serum factors. Moreover, p53 induction is blocked by the PI3K inhibitor LY294002, implicating the PI3K pathway as the critical mediator of the positive role of serum factors in p53 activation. LY294002 inhibits p53 stabilization and functional activation in a variety of cell types and in response to several different DNAdamaging agents, and attenuates the ensuing p53-dependent killing of cancer cells. Hence, the p53 status of the targeted tumors may be an important determinant in the implementation of PI3K inhibitors for cancer treatment.
Results p53 induction by CisPt is dependent on growth factor signaling
We have previously shown that p53 protein accumulation upon exposure to DNA damage occurs efficiently in sparse cells, but is attenuated when cells are maintained at high culture density. 18 In an attempt to elucidate the signaling pathways required for p53 induction in sparse cells, we explored the effect of serum on this induction. As shown in Figure 1 , exposure of mouse embryo fibroblasts (MEFs) to CisPt in the presence of 5% fetal calf serum (FCS) led to a marked increase in p53 protein levels (compare lanes 1 and 2). However, p53 induction was far less efficient when cells were exposed to CisPt in the absence of serum (lanes 3,4). Of note, serum depletion was for a total period of only 6 h, which was too short to exert significant effects on cell cycle distribution, as confirmed by the absence of a reduction in the proportion of BrdU-incorporating cells (Supplementary Figure  S1 ). This argues against the possibility that the failure to induce p53 is a secondary consequence of a growth arrest imposed by serum deprivation. Rather, these findings suggest that intracellular signal transduction, elicited by serum-derived growth factors, is required for optimal induction of a p53 response by CisPt. Of note, inclusion of the proteasome inhibitor MG132 in the culture medium, which is expected to prevent p53 degradation, abrogated completely the serumdependent differences in p53 protein levels (lanes [5] [6] [7] [8] . This implies that the differences in p53 levels seen in the absence of MG132 are not due to different rates of p53 synthesis, but rather to differences in p53 stabilization. Thus, whereas stabilization of p53 following CisPt treatment occurs efficiently in the presence of serum, it fails to occur when serum is withdrawn. It is also noteworthy that the experiment in Figure 1 employed alternative reading frame (ARF)-null MEFs, implying that the effect of serum on p53 stabilization is independent of the ARF tumor suppressor.
The PI3K inhibitor LY294002 prevents induction of p53 by DNA damage
To explore the contribution of particular signal transduction cascades to the effect of serum growth factors on p53 induction, cells were exposed to CisPt in the presence of specific chemical inhibitors. The raf-MEK-ERK (extracellularregulated kinase) pathway, which is potently induced by a variety of growth factors, has been implicated both in the response to DNA damage 19 and in the subsequent induction of p53. 20 PD98059, a specific inhibitor of mitogen-activated/ extracellular-regulated kinase 1 (MEK1), 21 reduced the phosphorylation of ERK1 and ERK2 to about 18 and 34%, respectively, but did not prevent the induction of p53 by CisPt (Figure 2a ). High cell density, previously shown to inhibit p53 induction by CisPt, 18 mildly attenuated ERK phosphorylation (lanes 3,4). However, a slight decrease in ERK phosphorylation was actually also observed when sparse cells were treated with CisPt, even though these conditions led to strong p53 accumulation (lanes 2,4). This further supports the notion that the raf-MEK-ERK pathway is not involved in the stabilization of p53 in this experimental system. p38, another member of the mitogen-activated protein kinase (MAPK) superfamily, is only mildly induced by growth factors, but is markedly induced by various stress signals, including CisPt. 22 p38 phosphorylates p53, [23] [24] [25] [26] and is required for its activation by some types of DNA damage. 27 However, whereas the p38 inhibitor SB203580 28 completely blocked the phosphorylation of MAPKAPK-2 on threonine 334, a validated p38 target, 29 it had only a minimal impact of p53 induction by CisPt treatment (Figure 2b ). Similar results were obtained with another p38 inhibitor, SB202190 (data not shown), indicating that p38 activity is not required for p53 stabilization in CisPt-treated cells.
Another important signal transduction pathway that is activated by a variety of growth factors is the PI3K pathway. Of note, phosphorylation of AKT on serine 473, a PI3K-dependent target of the PDK2 kinase, was significantly higher in CisPt-treated sparse cultures than in their dense counterparts ( Figure 2c, lanes 3,4) , concomitant with the more efficient p53 induction. To assess the possible role of PI3K signaling in facilitating p53 induction by DNA damage, cells were exposed to CisPt in the absence or presence of the PI3K inhibitor LY294002, 30 As seen in Figure 2c , LY294002 abrogated almost completely the induction of p53 by CisPt (compare lanes 4, 8) ; in fact, the slight p53 induction that was still observable correlated well with the residual amount of PI3K activity retained under those conditions, as measured by AKT phosphorylation. Induction of p53 by CisPt was also markedly attenuated by Wortmannin, another PI3K inhibitor (data not shown). Hence, CisPt-induced p53 accumulation is effectively blocked by PI3K inhibitors.
The experiments described above were performed in ARFnull MEFs; these cells do not undergo replicative senescence in culture, thus reducing experiment-to-experiment variation due to differential activation of p53 by DNA damage in cells Figure 1 Serum-derived factors modulate the p53 response to CisPt. ARF-null, p53 þ / þ MEFs were plated at a density of 200 000 cells per 6 cm dish. After 18 h, the serum was washed off, and cells were incubated with or without 5% FCS. After 1 h, MG132 (25 mM) was added, and the cells were either treated or not treated with CisPt (16 mg/ml), as indicated, for an additional 5 h. Cell extracts were subjected to SDS-polyacrylamide gel electrophoresis (PAGE), followed by Western blot analysis with the CM5 p53-specific antibody. GAPDH was used as a loading control that are approaching senescence. 18 However, a similar inhibition of CisPt-induced p53 induction in the presence of LY294002 was also seen in wild-type (wt) MEFs (Supplementary Figure S2) .
One of the most important targets of PI3K is the AKT/PKB kinase. The relationship between AKT and p53 is rather complex: on the one hand, AKT phosphorylates Mdm2 and presumably increases its nuclear activity, thereby augmenting p53 degradation. 31, 32 On the other hand, PI3K regulates the levels of p21
Waf1 in a p53-dependent manner, and this effect is blocked by dominant negative AKT, suggesting that PI3K and AKT increase the activation of p21
Waf1 by p53. 33, 34 The role of AKT in p53 activation by CisPt was, therefore, tested by applying SH-6, a phosphatidyl-inositol analog that inhibits AKT activation. 35 As expected, SH-6 indeed abrogated AKT phosphorylation, but did not affect at all p53 stabilization following CisPt treatment ( Figure 2d , lanes 2,4). This was unlike the effect of LY294002, which efficiently inhibited both processes (lanes 2,3). Thus, AKT activity is not involved in p53 induction by CisPt under the experimental conditions employed in this study.
Although LY294002 is widely used as a PI3K inhibitor, it can also inhibit to varying degrees other members of the PI3K family, including DNA-dependent protein kinase (DNA-PK), ataxia-telangiectasia-mutated kinase (ATM), and ATM and Rad3-related kinase (ATR). [36] [37] [38] [39] ATM and ATR are of particular relevance, because both are involved in p53 activation in response to DNA damage, 40, 41 and ATR activation by CisPt has specifically been shown to mediate p53 phosphorylation on serine 15, a direct target of this kinase. [41] [42] [43] Hence, although complete inactivation of Figure 2 Inhibition of PI3K, but not of MEK, p38, or AKT, prevents p53 induction by DNA damage without affecting p53 serine 15 phosphorylation. (a) ARF-null MEFs were plated under dense (D) or sparse (S) culture conditions, as described under Materials and Methods. PD98059 (30 mM) was added 22 h later, followed 1 h later by CisPt (16 mg/ml) as indicated. After 5 additional hours, cells were harvested and proteins analyzed as in Figure 1 , using antibodies directed against p53 (CM5), Phospho-ERK (P-ERK), or total ERK, used as a loading control. (b) ARF-null MEFs were plated as in (a). SB203580 (20 mM) was added 21 h later, followed 1 h later by CisPt (16 mg/ml) as indicated. After 4 additional hours, cells were harvested and analyzed as in Figure 1 , using antibodies directed against p53 (CM5), Phospho-MAPKAP2 as an indicator of p38 activity, or GAPDH as a loading control. (c) ARF-null MEFs, infected with a recombinant retrovirus encoding GFP (see Materials and Methods), were plated as in (a) and subjected 20 h later to treatment with LY294002 (20 mM), followed 1 h later by CisPt (16 mg/ml) as indicated. After 4 additional hours, cells were harvested and analyzed as in Figure 1a , using antibodies against p53 (PAb248 and PAb421), phospho-AKT (P-AKT), total AKT, or GFP as a loading control. (d) ARF-null MEFs were plated in 24-well dishes (70 000 cells/well). After 18 h, LY294002 (20 mM), SH-6 (40 mM), or DMSO were added. After 80 min, CisPt (16 mg/ml) was added as indicated and cells were harvested after an additional 4.5 h. p53, phospho-AKT (P-AKT) and total AKT were monitored as in (c). (e) ARF-null MEFs were plated as in (a), and 21 h later, treated with LY294002 (20 mM). CisPt (16 mg/ml) was added 1 h later. Cells were harvested after 4 additional hours, and subjected to analysis as in (a), using antibodies against p53 (PAb248 and PAb421), rabbit polyclonal serum against human p53 phosphorylated on serine 15, which recognizes also mouse p53 phosphorylated on serine 18 (Phos-Ser 18), or vinculin as a loading control. (f) MEFs derived from SCID mice were plated (150 000 cells per 6 cm plate); the next day, they were either treated by LY294002 (20 mM) or DMSO control, and 2 h later, CisPt was added (16 mg/ml). After 5 h, cells were harvested, equivalent amounts of protein were run on SDS-PAGE, and Westerm blot was performed for p53 (PAb248 and PAb 421), and for GAPDH as a loading control ATM and ATR typically requires higher concentrations of LY294002 than are used in the present study, 36, 39 it was nevertheless important to confirm that the inhibition of p53 accumulation by LY294002 was not due to the extinction of ATM/ART activity. To that end, we monitored the extent of phosphorylation of mouse p53 serine 18 (equivalent to human p53 serine 15), which is directly targeted by ATM/ATR in response to various types of DNA damage. [40] [41] [42] Remarkably, although LY294002 prevented efficiently the induction of p53 by CisPt in this experiment, precluding the detection of p53 protein by standard p53-specific antibodies (Figure 2e, lane 4) , a prominent increase in serine 18 phosphorylation was nevertheless clearly visible (compare lanes 3,4). This strongly argues that LY294002 does not block ATM/ATR activation under these experimental conditions, nor does it prevent the phosphorylation of p53 by these protein kinases. To determine whether inhibition of DNA-PK by LY294002 may underlie its ability to attenuate p53 induction, we employed MEFs derived from SCID mice, which harbor a mutant, inactive form of DNA-PK catalytic subunit. 44 As seen in Figure 2f , both the induction of p53 by CisPt (compare lanes 1 and 2), and the inhibition of this induction by LY294002 (lane 3) were not affected by the absence of active DNA-PK. Taken together, the data support the conclusion that PI3K itself, rather than PI3K family protein kinases, is the relevant molecular target whose inactivation by LY294002 aborts p53 accumulation, and which is therefore required for this accumulation.
LY294002 inhibits p53 induction in multiple cell types and in response to multiple DNA-damaging agents
The effect of LY294002 on p53 induction was next tested in a number of additional experimental conditions. LY294002 treatment of a mouse endothelial cell line (H5V) reduced basal p53 levels (Figure 3a, lanes 1, 2) , and inhibited effectively the induction of p53 by 5-fluoro-uracil (5FU; lanes 3, 4); substantial, albeit not complete, attenuation of p53 induction was also observed in cells exposed to the Topoisomerase I inhibitor camptothecin (CPT; lanes 5, 6). The reduction of basal p53 levels might suggest a mechanism that is not strictly dependent on DNA damage in H5V cells; alternatively, these particular cells may be intrinsically exposed to persistent genotoxic stress even under regular tissue culture conditions. LY294002 also exerted a strong inhibitory effect on p53 induction in MCF7 human breast carcinoma cells treated with 5FU, a drug commonly used for chemotherapy in breast cancer patients (Figure 3b ). In contrast, induction of p53 in MCF7 cells following doxorubicin treatment was not affected by LY294002 (data not shown). Thus, inhibition of PI3K attenuates p53 induction in a variety of different cell types, in response to some, but not all, DNA-damaging chemotherapy agents.
LY294002 inhibits p53-dependent transactivation and apoptosis
We next examined the effect of LY294002 on the response of human colorectal carcinoma HCT116 cells to 5FU, an agent commonly used to treat colorectal cancer patients. Unlike in the cell types described earlier, LY294002 did not exert a pronounced inhibitory effect on the accumulation of the endogenous wt p53 in 5FU-treated HCT116 cells; in some experiments, LY294002 did not attenuate at all the increase in p53 protein, while in others there was a rather minor decrease in p53 levels relative to cells treated with 5FU alone (Figure 4a, lanes 1-3, and data not shown) . The attenuation of p53 induction was more pronounced at higher LY294002 concentrations (Figure 4b, lanes 6-10) , although at least some increase in p53 could be observed even at 50 mM. Interestingly, human p53 serine 15 phosphorylation was not abrogated even in the presence of the highest LY294002 concentrations, again arguing against inhibition of ATM/ATR by LY294002 under these conditions. Despite the rather marginal effect on total p53 protein levels, LY294002 markedly attenuated the increase in p21
Waf1 protein (Figure 4a, lanes 1-3) , encoded by a prototypic p53 transcriptional target gene. This increase in p21Waf1 was indeed p53-dependent, and was absent in p53-deficient derivatives of HCT116 cells (lanes 4-6) .
To determine whether the inefficient p21 Waf1 protein induction was due to decreased transcriptional activation of the corresponding gene by p53 in the presence of LY294002, real-time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis was performed. As seen in Figure 4c , exposure of HCT116 cells to 5FU led to a three-fold increase in p21 mRNA levels. Remarkably, this increase was greatly (a) H5V endothelial cells (100 000) were seeded in 3.5 cm plates. After 20 h, LY294002 (20 mM) was added as indicated, followed 2 h later by 5FU (25 mg/ml) or CPT (2 mg/ml). Cells were harvested after 5 h of genotoxic agent treatment, and subjected to analysis as in Figure 1 . (b) MCF7 cells (400 000) were plated in 6 cm plates. LY294002 (20 mM) was added 17 h later, followed by 5FU (50 mg/ml) 1 h later. Cells were harvested after 5 additional hours, and subjected to analysis as in Figure 1 . p53 was visualized with a mixture of PAb1801 and DO1. GAPDH was used as a loading control PI3K inhibitor prevents p53 induction and apoptosis J Bar et al attenuated in the presence of LY294002, confirming that the PI3K inhibitor compromised the potency of p53 as a transcriptional activator. It is noteworthy that this effect was dependent on the presence of wt p53. In p53-deficient HCT116 derivatives, LY294002 actually exerted an opposite effect, mildly augmenting rather than reducing the accumulation of p21 transcripts (Figure 4c) . It thus appears that p53-independent regulation of p21 gene expression in HCT116 cells may be constitutively repressed by the PI3K pathway, irrespective of the absence or presence of DNA damage.
A similar pattern of regulation also emerged from the analysis of mRNA corresponding to the PUMA gene (Figure 4d ), a p53 target that is critical for the induction of p53-dependent apoptosis in stressed cells, [45] [46] [47] as was also the case for another proapoptotic p53 target gene, NOXA (data not shown). Experiments employing a luciferase reporter gene driven by the PUMA promoter, in the absence or presence of p53-specific siRNA, confirmed that the activity of this promoter was largely p53-dependent (Supplementary Figure S3) . Moreover, LY294002 partially reduced the activation of this promoter by p53 (Supplementary Figure  S3) ; it is noteworthy that both the stimulatory effect of 5FU and the inhibitory effect of LY294002 were rather mild in this system, most probably due to constitutive p53 activation elicited by transfection-associated stress. In sum, our data imply that despite having a variable and sometimes only marginal effect on overall p53 protein levels in 5FU-treated HCT116 cells, LY294002 exposure exerted a consistent marked inhibitory effect on the biochemical activation of p53 as a transcription factor. 5FU induces HCT116 cell killing, and this death is p53-dependent both in vitro and in vivo. 48 Given the ability of LY294002 to attenuate p53 activation by 5FU, and particularly the reduced induction of proapoptotic genes such as PUMA and NOXA, it was thus important to determine whether the PI3K inhibitor also affected the killing of these colorectal cancer cells by 5FU. As expected, 5FU indeed caused HCT116 cells to undergo apoptosis, as assessed by accumulation of cells with sub-G1 DNA content (Figure 5a ). The extent of cell death was substantially lower in p53-deficient HCT116 derivatives (Figure 5c ), confirming that much of the death seen in the p53-positive parental HCT116 cells was p53-dependent. Basal levels of apoptosis in the absence of 5FU were usually below 5%, did not differ significantly between HCT116 cells with or without Wt p53, Figure 4 LY294002 inhibits p53-dependent transactivation in HCT116 cells. (a) HCT116 cells (p53 þ / þ ) or their p53-deficient derivatives (p53À/À) were seeded at a density of 300 000 cells per 6 cm dish. After 48 h, LY294002 (20 mM) or DMSO was added, followed 2 h later by 5FU (50 mg/ml), as indicated. Cells were harvested after 24 h of 5FU treatment, and subjected to analysis as in Figure 1 , using antibodies against human p53 (a mixture of PAb1801 and DO1), p21 WAF1 (antibody C19), or GAPDH as a loading control. (b) HCT116 cells (p53 þ / þ ) were seeded (300 000 cells per 3.5 cm dish) and treated with the indicated concentrations of LY294002 before addition of 5FU, harvesting and SDS-PAGE as in (a). (c, d) HCT116 cells (p53 þ / þ ) or their p53-deficient derivatives (p53À/À) were seeded (700 000 cells per 9 cm dish), and treated as in (a). After 4.6 h of 5FU treatment, cells were harvested, RNA extracted, cDNA prepared, and real-time PCR quantification of p21 (c) and PUMA (d) transcripts was performed as described in Materials and Methods. Results are shown corrected by mRNA levels of 18 s PI3K inhibitor prevents p53 induction and apoptosis J Bar et al and were not affected by LY294002 treatment (data not shown). Importantly, LY294002 exposure prior to 5FU treatment resulted in a significant protection from apoptosis (compare Figure 5a to b) . The protective effect of LY294002 could also be demonstrated when viability was assessed by propidium iodide (PI) exclusion (Figure 5e ). Protection was evident over a wide range of 5FU concentrations, although it was more prominent at lower concentrations of 5FU (Figure 5e ). This pronounced inhibition of apoptosis was seen only in the wt p53-positive cells; in p53-deficient cells, Figure 4b , and treated 2 days later by LY294002 or DMSO control and 5FU at the indicated concentrations, as above. After 2 days, cells were harvested and analyzed for propidium iodide (PI) uptake, as described in Materials and Methods LY294002 sometimes actually moderately augmented 5FU-induced apoptosis (compare Figure 5c to d), whereas in other experiments there was either a mild inhibitory effect or no effect at all (data not shown). Thus, concomitant with its ability to interfere with induction of PUMA and NOXA by 5FU, LY294002 also attenuated the capacity of 5FU to elicit p53-dependent apoptosis in HCT116 colorectal cancer cells.
Discussion
Induction of p53 by genotoxic stress is believed to constitute a major mechanism for prevention of genomic instability, and thereby of cancer initiation and progression. 49, 50 Moreover, this induction can play an important role in mediating the successful killing of wt p53-positive tumor cells by DNAdamaging chemotherapy. 10 In the present study, we report that the extent of p53 induction by at least some clinically relevant genotoxic agents, as reflected by a net increase in p53 stability as well as in its transcriptional activation potency, is dependent on the availability of growth factors and of signals emanating from their binding to their cognate receptors. Whereas in nontransformed cells, such as MEFs, these signals are likely to be present only when the cells are externally exposed to the proper growth stimuli, such signals are likely to become constitutive in the course of cancer progression. Tumor cells still harboring wt p53 are thus likely, at least in some cases, to undergo a vigorous activation of their endogenous p53 irrespective of external growth stimuli.
We further report that the PI3K inhibitor, LY294002, can efficiently block the induction of p53 by a number of different genotoxic agents. LY294002 can inhibit several members of the PI3K family, including DNA-damage-induced protein kinases such as DNA-PK, ATM, and ATR. In particular, ATM and ATR have been shown to be required for p53 activation by DNA-damaging agents, including CisPt. Although complete inhibition of ATM and ATR typically requires higher concentrations of LY294002 than used in the present study, it was thus necessary to rule out the possibility that one or both of those kinases, rather than PI3K itself, were the primary targets for inhibition by LY294002. This was effectively achieved by showing that LY294002 does not impair mouse p53 serine 18 phosphorylation, under conditions where p53 stabilization is entirely disabled. Similarly, DNA-PK was ruled out as the relevant target of LY294002 through the use of cells deficient in DNA-PK activity. Thus, although not formally proven, it appears highly likely that the inhibitory effect of LY294002 on p53 activation, in the experimental models described in this study, is indeed due to direct inactivation of PI3K. This strongly suggests that activation of the PI3K pathway by serum-derived factors underlies the ability of such factors to facilitate p53 stabilization and activation by CisPt, and perhaps also by other genotoxic agents.
Interestingly, the inhibition of p53 activation by LY294002 can occur at several distinct levels. In several cell types, the PI3K inhibitor prevented p53 stabilization, presumably by promoting its ongoing proteasomal degradation. In contrast, LY294002 had only a minor impact on p53 accumulation in 5FU-treated HCT116 cells, at least not when applied for only a few hours, yet it caused an attenuated transcriptional p53 response within this rather short time frame. Thus, in these cells, PI3K appears to play a role primarily in the biochemical potentiation of p53 as a transcription factor, rather than in modulation of its protein turnover rate. Several conditions where accumulation of p53 protein occurs without induction of its transcriptional activity have been reported, such as hypoxia 51 and inhibition of DNA synthesis. 52 Interestingly, hypoxic conditions were shown to inhibit the activity of the PI3K pathway, in an experimental system similar to that where the effect of hypoxia on p53 was described. 53, 54 Thus, the molecular mechanisms underlying stabilization of the p53 protein overlap only partially with those controlling its activation as a transcriptional activator. In this regard, the precise roles of specific post-translational modifications or coactivators may be cell-type and cell-context dependent. For example, p300 is required for the activation of p53 as a transcription factor, but in some instances may also have a role either in its stabilization, presumably through acetylation of particular lysine residues that are otherwise targeted for ubiquitylation, or, alternatively, in its destabilization, through promoting Mdm2-mediated p53 polyubiquitylation. 9 The interaction of p300 with p53 has been reported to be abrogated by hypoxia; 51 it will be interesting to test the effect of LY294002 upon this interaction.
The molecular mechanisms whereby PI3K presumably contributes to p53 activation in the face of genotoxic stress remain to be elucidated. A large number of validated and candidate downstream targets of the PI3K pathway exist, 55, 56 precluding an exhaustive analysis of all possible effectors of PI3K as potential p53 modulators. Two of the major PI3K downstream effector pathways, AKT and mTOR, have been reported to regulate p53. 31, 32, 57, 58 However, in the experimental system employed in the present study, induction of p53 by DNA damage was found to be independent of AKT (Figure 2d ), as well as mTOR (data not shown). Of note, levels of the p53 family member protein deltaNp63alpha have been shown to be dependent on PI3K activity, presumably through regulation of deltaNp63alpha mRNA levels. 59 Whereas this p63 isoform can exert inhibitory effects on p53, 60 the transcriptional activation-competent (TA) isoforms of p63 actually facilitate p53-dependent apoptosis. 61 Although it is unlikely that effects of PI3K on p63 isoforms impinge on p53 protein levels, they could, in principle, play a role in the alterations in p53 transcriptional activity observed in HCT116 cells. However, any of the many other proteins whose expression or function are affected by PI3K signaling are equally likely to impact on p53 stability, through mechanisms that remain to be elucidated.
The relationship between PI3K activity and modulation of cell death is highly complex and context dependent. The AKT pathway, which is strongly and positively regulated by PI3K, is a potent mediator of survival signals. 12 Hence, it is to be expected that, under conditions where PI3K signals primarily through AKT, PI3K inactivation will actually enhance apoptosis rather than attenuate it. Indeed, inhibition of PI3K induces apoptosis in normal epithelial cells 62 and in transformed epithelial cancer cell lines harboring amplified PIK3CA, the gene encoding the p110 alpha catalytic subunit of PI3K. 14 Moreover, numerous studies have demonstrated that PI3K inhibitor prevents p53 induction and apoptosis J Bar et al inhibition of PI3K activity by LY294002 sensitizes cancer cells to killing by genotoxic agents and other anticancer therapies. 63, 64 Yet, as shown here, PI3K inhibition can also exert antiapoptotic effects, and this is proposed to rely at least in part on a requirement for PI3K signaling for optimal activation of p53 by several DNA-damaging agents. However, inhibition of PI3K will not necessarily be antiapoptotic in all circumstances where wt p53 activity is induced. Rather, we propose that the impact of PI3K inhibition on cell fate is likely to be determined by the balance between inhibition of PI3K-dependent prosurvival signals, and inhibition of p53-dependent proapoptotic signals. Indeed, in MCF7 cells, where AKT is constitutively active due to overexpression of HER2 and HER3, 65 we observed that LY294002 treatment actually augments 5FU-induced apoptosis (data not shown), contrary to its effects in HCT116 cells. Presumably, the contribution of PI3K-dependent prosurvival signals is more significant in MCF7 than in HCT116 cells. Alternatively, the PI3K-mediated arm of the p53-dependent cell death pathway may be less prominent in MCF7 cells. PI3K blockage has been shown previously to protect hematopoietic cells from CisPt-induced apoptosis. 66 In that case, protection was proposed to be due to reduced cell-cycle progression. However, we believe that this is not the case in the experimental systems described here. Thus, although LY294002 treatment without DNA damage did cause a mild reduction in the S-phase fraction of HCT116 cells, this reduction was very modest (from 21.4%72.9 to 15.1%71.7; data not shown), and occurred regardless of p53 status. Moreover, the p21 WAF1 protein, a key mediator of p53-dependent growth inhibition and a welldocumented attenuator of apoptosis, failed to protect HCT116 cells from 5FU-induced death. 48 Furthermore, LY294002 actually reduced the extent of p21 induction by 5FU (Figure 4a ). All these observations suggest that LY294002-induced growth arrest is unlikely to be the major contributor to the antiapoptotic effect of this PI3K inhibitor, as described here. Rather, the protective mechanism is most likely to be due to the attenuation of p53 apoptotic activity under those circumstances. While this effect of LY294002 was evident in a number of different experimental settings, it is noteworthy that this is not always the case. For instance, in brain cells, LY294002 was actually shown to induce, rather than attenuate, p53 protein levels and activity. 16 Hence, multiple factors probably determine the ultimate impact of PI3K inhibition on p53 function.
PI3K inhibition is expected to be useful as an adjuvant treatment for cancers with upregulation of the PI3K-AKT prosurvival pathway. 12, 16, 17 Importantly, our results imply that, prior to the use of PI3K inhibitors in cancer clinical trials, possible antiapoptotic effects of such agents should be judiciously evaluated. The mutational and functional status of p53 in the targeted tumors is likely to be critical in this evaluation.
Materials and Methods

Cells and treatments
Primary MEFs were prepared from day 13.5 embryos of C57/BL mice according to standard protocols. 67 p53-null MEFs were similarly prepared from C57/BL p53 knockout mice. 5 Spontaneously immortalized ARF-null MEFs were from M Roussel and CJ. Sherr. SCID MEFs were from T Lapidot. MEFs were grown in DMEM (Gibco) with 5% heat-inactivated (HI) FCS (Hyclone), supplemented with glutamine (2 mM), beta mercaptoethanol (60 mM, Sigma), nonessential amino acids (Beit Haemek), pyruvate, and penicillin and streptomycin (Sigma). Dense and sparse cultures were plated as described before.
18 HCT116 cells were obtained from B Vogelstein, and were grown in McCoy's medium (Sigma) containing 5% HI FCS and penicillin and streptomycin. H5V cells were obtained from B Geiger, and were grown in DMEM with 5% HI FCS and penicillin and streptomycin. Serum deprivation was carried out by rinsing adherent cells four times with DMEM over the course of half an hour, followed by incubation in DMEM. When appropriate, DMSO was added as control for chemicals dissolved in DMSO.
Chemicals
CisPt and 5FU were from ABIC (Israel), Camptothecin was from Sigma (Israel), Doxorubicin was from Pharmacia and Upjohn (Italy), MG132 was purchased from Calbiochem (San Diego, CA, USA), and SH-6 was from Alexis (CA, USA).
Retroviral infection
LZRSpBMN-IRES-EGFP, a retroviral plasmid encoding green fluorescent protein (GFP), was kindly provided by G Nolan. Infectious virus stocks were prepared and used as described. 68 
Antibodies
Monoclonal antibodies PAb421, PAb248, PAb1801, and DO-1 were a generous gift of D Lane. Anti-mouse p53 CM5 polyclonal antibody was from Novocastra, UK. Anti Phospho-AKT/PKB (serine 473) was from Biosource, CA, USA. Anti-phospho-ERK was from Sigma (Israel), anti phospho-MAPKAPK-2 (threonine 334) was from Cell Signaling, antiphosphorylated-Serine 15 of human p53 was from New England Biolabs, anti-GFP was from Roche (Switzerland), and anti-GAPDH was from Research Diagnostics.
Western immunoblotting
Cell extracts were subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Schleicher and Schuell, NH, USA) and probed with the indicated antibodies. Western blots were developed with the ECL reagent (Amersham Pharmacia, NJ, USA). In some experiments, expression of retrovirally transduced GFP was employed to monitor equal protein loading. To that end, cells were infected with a GFP retrovirus to yield a 5-10% infection rate, prior to plating for the experiment. At the end of the experiments, GFP was visualized by Western blotting with appropriate antibodies.
RNA extraction and real-time quantitative RT-PCR
Total RNA was isolated using the Nucleospin kit (Macherey-Nagel). Purified RNA was reverse transcribed with MMLV reverse transcriptase (Promega) and random hexamer mix. Primers for human p21, PUMA, and 18S mRNA were kindly provided by V Rotter. Primers were designed using the Primers Express software (Applied Biosystems). Reverse primers were designed to hybridize to exon-exon junctions within the corresponding mRNA. The following primers were employed: p21: 0 CATTCTTGGCAAATGCTTTCG. For PCR analysis, appropriate amounts of cDNA (50 ng for PUMA and p21; 5 ng for 18S rRNA) were mixed with 10 ml of real-time absolute PCR Mix (ABgene) and 0.5-0.65 nM of each of the primers in a total volume of 20 ml. PCR programming was 10 min at 951C, followed by 40 cycles of 15 s at 951C, and 1 min at 601C. All samples were processed and measured at least in duplicate. The cycle threshold values of all samples were measured by the ABI Prism 7700 sequence detector system (Applied Biosystems) and were transformed to relative expression values using the standard curves measured in the same experiment.
FACS analysis
DNA content analysis by FACS was carried out as described before.
69. Cells were analyzed by FACSORT (Becton Dickinson), using the CellQuest software.
For PI exclusion analysis, cells were washed twice with PBS, treated for 1 min with 0.05% trypsin-EDTA solution (Bet-Haemek, Israel), and rapidly washed again with PBS. Cells were dislodged from the dish by pipetting, centrifuged, and resuspended in PBS containing 1 mg/ml PI (Sigma) for 30 min, before being analyzed by FACSORT.
